Hantaan virus (HTNV), the prototypic member of genus Hantavirus, family Bunyaviridae, causes hemorrhagic fever with renal syndrome (HFRS) in human (Schmaljohn and Hjelle, 1997) . Hantaviruses are enveloped viruses with negative-sense RNA genome organized in three segments: S (small), M (medium) and L (large). The S segment encodes the nucleocapsid protein; the M segment encodes two envelope glycoproteins, G1 and G2; L segment encodes the RNA-dependent RNA polymerase protein. The total number of HFRS patients is about 60,000-150,000 annually all over the world. More than 90% of these cases occur in Asian countries, including China, Russia, and Korea (Kariwa et al., 2007) . The mild variant of HFRS nephropathia epidemica (NE) occurs in Scandinavia and other parts of Europe (Borges et al., 2006) . HFRS is characterized by systemic involvement of the capillaries and small vessels, which causes capillary leakage and hemorrhagic manifestations.
Typically, hantaviruses infect vascular endothelial cells without causing any cytopathic effects in vitro (Yanagihara and Silverman, 1990; Pensiero et al., 1992; Khaiboullina et al., 2000; Sundstrom et al., 2001) , suggesting the involvement of host immune response in the pathogenesis of HFRS. Among many different receptors that participate in the recognition of microbial invaders, toll-like receptors (TLRs) play an essential role in mediating the innate immune response. To date, several TLRs have been found in vascular endothelial cells (Faure et al., 2000; Hijika et al., 2002) . The innate immune response involving TLRs has been shown to play an important role in the pathogenesis of many viruses, such as respiratory syncytial virus, retrovirus, coxsackievirus, and mouse mammary tumor virus (Burzyn et al., 2004; KurtJones et al., 2000; Rassa et al., 2002; Triantafilou and Triantafilou, 2004) . These viruses induce a strong activation of inflammatory cytokine responses mediated by the activation of TLRs. It is conceivable that TLR-mediated innate immune responses may also play a key role in HTNV pathogenesis.
Currently, four of the eleven known mammalian TLRs have been implicated in nucleic acid sensing: TLR3, TLR7, TLR8 and TLR9. TLR3 recognizes double-stranded RNA (dsRNA) (Alexopoulou et al., 2001 ), TLR9 recognizes nonmethylated CpG motifs in DNA (CpG DNA) (Hemmi et al., 2000) , and TLR7 and TLR8 recognize single-stranded RNA (ssRNA) (Diebold et al., 2004; Heil et al., 2004; Lund et al., 2004) . It is important to consider several notable examples of viral recognition by TLRs that do not target nucleic acids. In particular, a number of viruses appear to have the ability to activate TLR2 or TLR4. For example, both HSV-1 and HSV-2 can activate TLR2 (Kurt-Jones et al., 2004; Sato et al., 2006) . In addition, the hemagglutinin protein of measles virus is able to stimulate TLR2 (Bieback et al., 2002) . Also respiratory syncytial virus (RSV) and mouse mammary tumor virus (MMTV) have been implicated in TLR4 activation (Kurt-Jones et al., 2000; Jude et al., 2003) .
Recent years some results have been reported on the innate immune response to hantavirus, but it has not yet to be determined how the human innate immune system recognizes these viruses and how this recognition results in the transcription of the genes relevant to innate immunity (Geimonen et al., 2002; Khaiboullina et al., 2004; Khaiboullina et al., 2005; Kraus et al., 2004; Sundstrom et al., 2001) . Type I IFNs related cytokines were initially discovered for its ability to block viral replication when added to cells and the TLR-mediated induction of type I IFNs relate to the antiviral immune response. A response induced by type I IFN has been observed after SNV and HTNV infections of human lung microvascular endothelial cells (HMVEC-Ls) in both infected and uninfected neighboring cells (Sundstrom et al., 2001) . Therefore, the possibility of involvement of TLRs in pathogenesis of HTNV infection is receiving increasing attention.
In this study, we examined the mRNA expression of five TLRs in HTNV-infected endothelial cells and demonstrated that TLR4, which leading to the secretion of cytokines, is crucial as a signaling receptor for HTNV activation in endothelial cells. Our results indicate that TLR4 is a potential factor in HFRS pathogenesis.
Results

TLRs expression in EVC-304 cells before and after HTNV infection
To examine the expression of TLRs during HTNV infection, the expression of various TLRs mRNA in EVC-304 before and after HTNV infection was compared by RT-PCR (Fig. 1) . The five TLRs were expressed at detectable level in both infected and uninfected cells. Little TLR2 and TLR9 mRNA expression was observed in both infected and uninfected cells. TLR9 mRNA expression was up-regulated after CpG stimulation which is different to TLR2. Moderate levels of TLR3 mRNA expression were found in EVC-304, the mRNA expression was up-regulated by Ploy I: C stimulation while down-regulated after HTNV infection. High level of TLR7 mRNA expression was detected, but the level was nearly the same between the infected and uninfected cells. High level of TLR4 mRNA expression was observed in EVC-304 cells and up-regulated after LPS stimulation or HTNV infection, the amount of TLR4 mRNA expression was approximately three fold higher after HTNV infection than that in the uninfected cells. Fig. 1 . Semiquantitative analysis of TLRs mRNA expression in EVC-304 cells. 1, DNA marker; 2, LPS (1 μg/ml); 3, CpG (100 nM); 4, CL097 (1 μg/ml); 5, poly I:C (1 μg/ml); 6, HTNV76-118 (MOI = 5); 7, negative control; EVC-304 cells were stimulated with the TLRagonists or HTNV76-118 for 6 h and cell extracts were used for simiquantitative PCR anaylysis. β-actin expression was used as control. Results are representative of three independent experiments. HTNV up-regulate TLR4 in EVC-304 TLR4 predominately expressed on the cell membrane in EVC-304 while little antigen expression was observed in cytoplasma ( Fig. 2A) . Laser scanning confocal microscopy assay showed that the expression of TLR4 molecules increased after HTNV infection or LPS stimulation for 6 h. The mean fluorescent value of HTNV-infected cells is significantly higher than that of the uninfected cells though the value is not as strong as that of the cells stimulated by LPS ( Fig. 2A) .
To investigate the enhanced expression of TLR4 in HTNVinfected cells, the TLR4 protein level was then examined in EVC-304 cells at six time points after HTNV infection. The result of western blot showed that the TLR4 protein could be detected in the infected cells at every time point, and the expression level reached peak at day 12 post-infection (Fig. 2B ). These results indicated that By using the photoimager (Leica 5500) the grayscle showed a decline of more than 95%. While the β-actin bands were almost the same in the normal control group and clone cells.
HTNV infection induces the increased expression of TLR4 in both mRNA and protein level.
Specific silencing of TLR4 mRNA by siRNA
After the EVC-304 cells were transfected by siRNA duplexes, the cells were collected to detect the mRNA of TLR4 by RT-PCR. The RT-PCR reactions resulted in an amplification of a single product of the predicted size for TLR4 (757 bp) whose identity was confirmed by sequence analysis. We observed a strong, sequence specific and dosedependent inhibition of TLR4 mRNA levels in cells treated with TLR4 siRNA, while the siRNA as negative control (NC) had almost no effect on the TLR4 gene expression [ratio of TLR4 signal to β-actin signal (internal control): 0.09 ± 0.01 TS4 versus 0.81 ± 0.03 NC siRNA, P b 0.05, n = 3 (Fig. 3A) ]. The GAPDH PC siRNA decreased the GAPDH gene expression specifically, while had no effect on TLR4 or β-actin. The silencing of gene reached peak on the 3rd day post-transfection in the transient group, and five specific siRNAs (TS1, TS4, TS5, TS6, TS8) caused a markedly shutdown of TLR4 gene expression.
The persistent inhibition and stable effect of the siRNA were obtained from the selected clone cells. Even after 15 generations were passaged and up to two months, we observed that the silence effect had been maintained steadily. Compared with the controls, the cloned cells in which stable siRNA was expressed possessed a persistent and stable silence of TLR4 mRNA while the cell viability had no difference. The TLR4 mRNA expression reduced 97.22 ± 1.04%, 96.31 ± 1.21% and 95.02 ± 2.10% in the cloned cells which were transfected by TS4, TS6 and TS8, respectively (Fig. 3B) . Furthermore, the similar repression results of TLR4 were observed by means of immunofluorescence (Fig. 3C ) and western blot assay (Fig. 3D) .
HTNV infection induces IFN-β, IL-6 and TNF-α expression by TLR4
To determine if HTNV infection triggered antiviral programs and inflammatory responses that are downstream responses of TLR4 stimulation, we examined various cytokines and chemokines that are known to be induced by TLR4 stimulation. The increased secretion of IFN-β was demonstrated by enzyme-linked immunosorbent assay (ELISA) analysis of IFN-β protein in the supernatant of HTNV-infected EVC-304 cells versus the uninfected cells (Fig. 4B) . The similar increase was also observed in the HTNV-infected cells for IL-6 (Fig. 4C) and TNF-α (Fig. 4E) , which were other molecules responding to TLR4.
Discussion
With respect to viruses, four classes of pathogen-associated molecular patterns (PAMPs) have emerged to date: dsRNA, CpG DNA, ssRNA, and envelope glycoproteins. Since human vascular endothelial cells were considered target cells in hemorrhagic fever with renal syndrome (Yanagihara et al., 1990) , human umbilical vein endothelial cells were widely used as a model cell for study of HTNV infection. Therefore, we investigate five of the TLRs' expression on EVC-304 cells.
The expression of TLRs was explored in both infected and uninfected EVC-304 cells by RT-PCR and Little TLR2 mRNA expression was observed. This result is in agreement with that of the published report (Hijika et al., 2002) . In addition, we did not find any change of TLR2 expression in the infected and uninfected EVC-304 cells. A little decrease of TLR3 mRNA expression was observed in EVC-304 cells after infected by HTNV (Fig. 1) . TLR3 is a cellular receptor that recognizes dsRNA (Alexopoulou et al., 2001 ) and dsRNA is a replication intermediate for RNA viruses. The lysis of virus-infected cells is hypothesized to release dsRNA that can be detected by TLR3 molecules expressed on neighboring cells. However, HTNV is not directly cytopathic to infected endothelial cells. So the reason why HTNV induces TLR3 mRNA expression decrease is still unknown. The data presented here indicated clearly that HTNV infection induced TLR4 expression on the surface of EVC-304 cells. The increased surface expression of TLR4 led to increased sensitivity of the EVC-304 cells to HTNV which caused IFN-β, IL-6 and TNF-α secretion. The increased IL-6 production likely lead to an increased inflammatory response, while increased IFN-β production may confer an antiviral state. Significantly elevated plasma levels of IL-6 and TNF-α were detected at the onset of the acute phase of HFRS (Linderholm et al., 1996; Makela et al., 2004) . TNF-α, which contributes to increased endothelial permeability, plays a key role in the pathogenesis of HFRS. Niikura et al. (2004) showed that TNF-α-induced increased permeability of endothelial cells is significantly prolonged in HTNV-infected cells in comparison with uninfected cells. The increased TLR4 expression is a result of increased transcription of the TLR4 gene. These results suggest that HTNV infection can alter the innate immune response by up-regulating expression of TLR4. However, in the components of HTNV, which one mediates the transcription of relevant genes remains unknown. The role of innate immune receptors in the response to HTNV has been largely unexplored. Fortunately, Kurt-Jones (Kurt-Jones et al., 2000) have examined the interactions of several respiratory syncytial virus (RSV) proteins with human monocytes and demonstrate that the fusion protein of RSV induces proinflammatory cytokines, and that this response is dependent on expression of TLR4 and CD14. The mouse mammary tumor virus (MMTV) and Moloney murine leukemia virus (MuLV) envelop proteins have also been implicated in TLR4 activation (Rassa et al., 2002 Jude et al., 2003 . Similar to RSV and MMTV, HTNV has envelope proteins which were named G1 and G2. We propose that the G1and/or G2 protein may be the right components of HTNV which activate TLR4.
In contrast to our findings, Sundstrom et al. (2001) reported that there were no virus-specific cytokines/chemokines, including TNF-α, IL-6, IFN-β, were detected at either the protein or message level in hantavirus-infected HMVEC-Ls. We observed TNF-α, IL-6, IFN-β significantly increase, especially after LPS stimulated. LPS increased endothelial permeability in the presence of serum (Ishii et al., 1995) . Maybe the increased permeability facilitates the cytokines secretion. In addition, the induction of cytokines and chemokines were prevented after TLR4 were silenced by specific siRNA, suggesting the activation of TLR4 led to the change of cytokines and chemokines. One difference between our experiment and that of Sundstrom et al. (Sundstrom et al., 2001 ) was the cells. We used human umbilical vein endothelial cell line (EVC-304), while they used primary human lung microvascular endothelial cells (HMVEC-Ls) isolated from individual donors. Our results are in agreement with several published reports (Geimonen et al., 2002; Kanerva et al., 1998; Kraus et al., 2004; Pensiero et al., 1992) . Kraus et al. (2004) reported that there were larger amounts of IFN-β in supernatants from HTNV-infected HUVECs than in supernatants collected from cultures of TULV-infected HUVECs. Neither HTNV nor TULV induced HUVECs to secrete IFN-α (Kraus et al., 2004) . Geimonen, et al. (2002) also found HTNV-induced IL-6 and IL-8. Whereas, our results suggest that HTNV induces cytokines/chemokines production via TLR4.
We have investigated the mechanism of the induction of TLR4 gene transcription in HTNV infection. Downstream of the TLR4 is a cascade of signal transduction events mediated by MyD88/MAL or TRIF/TRAM. Preliminary experiments (data not shown) from our laboratory have indicated that TRIF is indeed activated, thereby activating IRF3, which induce the secretion of IFN-β. On the other hand, TRIF activate NF-κB, which regulates the TNF-α production.
Vascular endothelial cells are thought to be the primary sites of viral replication in humans and infected cells and/or adjacent cells secrete high levels of chemokines and cytokines as a result Mori et al., 1999; Zaki et al., 1995; Pober et al., 2001) . Increased capillary permeability and acute thrombocytopenia is considered to be the common underlying factor of HFRS (Cosgriff, 1991; Kanerva et al., 1998) , but no obvious damage was found in infected lungs at autopsy in endothelial cells Nolte et al., 1995) . It is assumed that the capillary leakage is more likely to be caused by cytokines/chemokines release than by endothelial cell injury. Significantly elevated plasma levels of TNF-α and IL-6 were detected at the onset of the acute phase of HFRS and HPS (Linderholm et al., 1996; Makela et al., 2004; Zaki et al., 1995) . Increased titers of TNF-α seem to correlate with a severe course of NE (Klingstrom et al., 2002) . Increase expression of cytokines, especially of TNF-α in the peritubular area of the distal nephron, was reported during HFRS (Temonen et al., 1996; Terajima et al., 2004) , and in the lungs of patients with HPS, increased numbers of IL-6-, and TNF-α/β-producing cells were observed (Kilpatrick et al., 2004) . TNF-α is known to increase endothelial permeability during lymphocyte migration through the vascular walls. TNF-α could also contribute to increased endothelial permeability Raftery et al., 2002) . A study by Niikura et al. (2004) also showed that TNF-α-induced increased permeability of endothelial cells is significantly prolonged in HTNV-infected cells in comparison with uninfected cells.
The function consequences of TLR activation during viral infection include the initiation of signal transduction pathways that induce the production of key cytokines such as type IFNs, and the initiation of adaptive immunity (Barton, 2007) . Interferons (IFNs) are important regulators of innate and adaptive immune response maturation (Lohoff and Mak, 2005) and are the first line of defense against viral infections. Therefore, it is an important work in the further study to assess how the endothelial cells are in response to HTNV infection in the presence or absence of TLR4.
The study presented here provides strong evidence for the involvement of TLR4 activation in the innate response to virus, in particular, HTNV.
Materials and methods
Reagents, virus and cell line LPS (Escherichia coli serotype O55:B5) and polyI:C were purchased from Sigma (St. Louis, MO, USA), and CpG (5′-TCG TCG TTT TGT CGT TTT GTC GTT-3′) was synthesized by Invitrogen (Shanghai, China). CL097, Imidazoquinoline Compound-TLR7/8 ligand, was purchased from InvivoGen (San Diego, CA, USA). A stock of the HTNV, strain 76-118 (Lee et al., 1978) , was produced in Vero cells, purified by the Viraffinity™ 50 from Biotech Support Group (North Brunswick, NJ, USA) and treated with polymixin B. Human umbilical vein endothelial cell line, EVC-304, was provided by Dr. Chang-Hong Shi, and was cultured in RPMI-1640 (Hycolne, Logan, Utah, USA) supplemented with 10% fetal calf serum (Gibco, Invitrogen, Grand Island, NY, USA), 100 IU penicillin, and 100 μg/ml streptomycin.
Stimulation and infection
For stimulation experiments, 1 × 10 6 EVC-304 cells in culture medium were plated in 6-well culture plates (Costar, Cambridge, Mass, USA). After an overnight incubation, cells were incubated with RPMI-1640 medium, LPS (2 μg/ml), poly I:C (1 μg/ml), CL097 (2 μg/ml), CpG (0.5 μM/ml) or infected with HTNV 76-118 at a multiplicity of infection (MOI) of 5 for 6 h at 37°C. Thereafter, cells were harvested using trypsin-EDTA (Cambrex, East Rutherford, NY, USA) and prepared for RNA RT-PCR analysis.
Semiquantitative RT-PCR analysis
Total RNA was extracted from cells by using TRIzol reagent (Sigma, St. Louis, MO, USA) as described in previous study (Ren et al., 2005) . Briefly, 1 ml TRIzol reagent was used to split 1 × 10 6 EVC-304 cells.
Subsequently, 200 μl chloroform and 500 μl 2-propanol were used to separate the RNAs from DNA and proteins. Finally, after a wash step with 75% ethanol, the dry RNAs were dissolved in 30 μl of water. RNA was quantitated by RiboGreen Kit (Molecular Probes, Eugene, OR, USA). The Ominiscript™ RT Kit (Qiagen, Valencia, CA, USA) was employed to perform cDNA synthesis from the total RNA following the manufacture's protocol. PCR amplification was performed using Taq The RT-PCR reaction was performed in a MyCycler thermal cycler (Bio-Rad, Hercules, CA, USA). The resulting RT-PCR products were separated by gel electrophoresis on 1.0% agarose gel with 0.5 μg/ml ethidium bromide in Tris-borate ethelenediaminetetraacetic acid (TBE) buffer, visualized using a Vilber Lourmet transilluminator and photographed with the use of the BiocaptMW Version 10.02 software for windows (Vilber Lourmat, Cedex, France).
Western blot
Cellular extracts were prepared as previously described (Ren et al., 2005) . Subsequently, 10 μg of total protein from each sample was added in Laemmli loading buffer, boiled for 5 min, resolved by 10% SDS-PAGE, and electroblotted onto nitrocellulose membranes (Hybond C, Amersham Biosciences, Little Chalfont, Buckinghamshire, UK). After being blocked for 1 h in TBST containing 5% non-fat milk, membranes were washed three times in TBST and probed with primary antibodies [(Mouse monoclonal antibody against human TLR4, Santa Cruz, CA, USA), mouse polyclonal antibodies against human β-actin (Santa Cruz, CA, USA)] at 4°C overnight. The membranes were then incubated with horse radish peroxidaseconjugated, Cruz Marker™ compatible secondary antibodies (rabbit anti-mouse IgG-HRP, Santa Cruz, CA, USA), and visualized by enhanced chemiluminescence (Western Blot Luminol Reagent, Santa Cruz, CA, USA) according to the manufacture's instruction. The housekeeping gene β-actin was used as the internal control.
For quantification, the image Pro 3DS 6.0 software (Media Cybernetics Inc., Silver Spring, MD, USA) was used to measure the integrated optical density (IOD) of the amplification product bands in RT-PCR and the protein bands in western blot. The experiments were repeated three times for each experimental condition.
Design of siRNA and plasmid construction
Based on the complete gene of TLR4 (NM138554), nine siRNA duplexes were designed to target different site of TLR4 gene. The general rational design principles were partially based on that described previously (Ren et al., 2005; Reynolds et al., 2004) . The pSilencer™ 4.1-CMV neo plasmid (Ambion, Austin, TX, USA) was used in this study. The plasmid contains a stronger, modified Cytomegalomavirus (CMV) promoter to drive expression with RNA pol I, and includes a modified simian virus-40 (SV40) polyadenylation signal downstream of the siRNA template to terminate transcription. This siRNA expression vector is linearized with both BamHI and HindIII to facilitate directional cloning.
Small interference RNAs (siRNAs) were synthesized by Invitrogen (Shanghai, China). Each of them was targeted the 21 nt genetic sequence, which served as the basis for the design of the complementary 55-mer siRNA template oligonucleotides. The sense and antisense template oligonucleotides can encode a hairpin siRNA, which will be cut by the Dicer with a 21 nt siRNA. A detailed description of the hairpin siRNA can be found at http://www.ambion. com/techlib/prot/fm_5779.pdf. Our target sequences that were targeted the TLR4 were as follows: TS1: 5′-AAG CCA CCT CTC TAC CTT AAT-3′; TS2: 5′-AAA TCT AGC ATC TCT AGA GAA-3′; TS3: 5′-AAT TTC GGA TGG CAA CAT TTA-3′; TS4: 5′-AAG GCT TAC TTT CAC TTC CAA-3′; TS5: 5′-AAA CTT CTT GGG CTT AGA ACA-3′; TS6: 5′-AAT TCC ATG GTG CAC TAG ATA-3′; TS7: 5′-AAG ACG TGC TTC AAA TAT CCA-3′; TS8: 5′-AAG TAC ACT CTG TCA CTT TGT-3′; TS9: 5′-AAC TAC GTG TGA AGG TAT TCA-3′; Negative control siRNA (NC) and positive control (PC) were supplied by Ambion. NC is a circular, negative pSilencer 4.1-CMV neo vector that expresses a hairpin siRNA with limited homology to any known sequences in human, mouse, and rat genomes and PC is a pSilencer™ 4.1-CMV neo vector that expresses a hairpin specifically shutting off the gene GAPDH. The synthesized siRNA constructs were cloned into the pSilencer 4.1-CMV neo siRNA expression vector and all constructs were confirmed by enzyme digestion analysis and sequencing.
Transfection
Transfections were performed by using SiPORT™ XP-1 (Ambion, Austin, TX, USA) according to the manufacture's protocol. Transient silencing effects were observed as previously described (Xu et al., 2007) . The normal EVC-304 cells and the cells transfection with PC or NC containing siRNA were used as controls respectively. G418 (Promega Corporation, Madison, WI, USA) was used as the selection agent for stable transfection, with 250 μg/ml chosen as the initial selection concentration based on our killing curve of EVC-304 cells. Three cell strains were selected for further study.
Immunofluorescence and confocal microscopy
Immunofluorescence assays were carried out as previously described (Xu et al., 2007) . After incubation with mouse monoclonal antibody against human TLR4 for 1 h at 37°C (Serotec, Raleigh, USA, dilution 1:100), EVC-304 cells were washed 5 min for three times with PBS. Subsequently, the cells were incubated for 1 h with fluorescein isothiocyanate (FITC)-conjugated goat antimouse IgG (Santa Cruz, California, CA, USA, dilution 1:100). All negative controls were conducted by substituting the primary antibody by PBS, respectively.
Laser scanning confocal microscopy was done with a Bio-Rad MRC 1024 confocal microscope (Bio-Rad, Hercules, CA, USA), using the Laser Sharp program. Images of 512 × 512 pixels were acquired using Laser Sharp software, and processed with Adobe Photoshop.
The quantitative analysis of laser scanning confocal microscopy were conducted using Image Pro 3DS 6.0 software (Media Cybernetics Inc., Silver Spring, MD). At least three different experiments were from three separate cell preparations.
Cytokine measurements
Culture supernatants were harvested and preserved at-20°C before evaluation of cytokine production by ELISA. IFN-α, IFN-β, IL-6, IL-8, TNF-α concentrations were measured by use of commercial enzymelinked immunosorbent assay (ELISA) kit (Genway biotech, San Diego, CA, USA) according to the manufacture's instruction.
Statistical analysis
Results were expressed as mean ± standard deviation (SD). Data were analyzed using Student t test (two tailed). A P value of b0.05 was considered statistically significant.
